We report a candidate centi-parsec supermassive black hole binary (SMBHB) in the radio-quiet quasar SDSS J0159+0105 at z = 0.217. With a modified lomb-scargle code (GLSdeDRW) and the auto-correlation analysis (ACF), we detect two significant (at P > 99%) periodic signals at ∼ 741 day and ∼ 1500 day from the 8.1-year Catalina V-band light curve of this quasar. The period ratio, which is close to 1:2, is typical of a black-hole binary system with a mass ratio of 0.05< q <0.8 according to recent numerical simulations. SDSS J0159+0105 has two SDSS spectroscopic observations separated by ∼ 10 years. There is a significant change in the broad Hβ profile between the two epochs, which can be explained by a single broad-line region (BLR) around the binary system illuminated by the aforementioned mini-disks, or a stream of gas flowing from the circumbinary disk to one of the SMBHs. From the single BLR assumption and the orbital period t orb ∼ 1500 day, we estimate the total virial masses of M SMBHB ∼ 1.3×10 8 M ⊙ , the average distances of BLR of ∼0.04pc (∼50 light-day, with ±0.3 dex uncertainty), and a SMBHB separation of d = (0.01pc)M 1/3 8,tot (T rest /3.3yr) 2/3 ∼ 0.013 pc (15 light-day). Based on analytical work, the postulated circumbinary disk has an inner radius of 2d = 0.026 pc (30 light-day). SDSS J0159+0105 also displays unusual spectral energy distribution. The unique properties of SDSS J0159+0105 are consistent with it being a centi-parsec SMBHB.
INTRODUCTION
The formation of supermassive black hole binaries (SMBHBs) is an inevitable consequence of frequent galaxy mergers during the hierarchical formation of galaxies (e.g., Begelman et al. 1980) . However, a theoretical question remains open: Whether two supermassive black holes (SMBHs) in such a binary can evolve into a separation below 1 pc and eventually coalesce (for a review on the "final parsec" problem, see, e.g., Vasiliev et al. 2014 , and references therein). Given the anticipation of detecting low-frequency gravitational waves from merging SMBHs by the ongoing and upcoming experiments (e.g., PTA, eLISA, Hobbs et al. 2010; Amaro-Seoane et al. 2013) , it is of critical importance to identify sub-parsec SMBHB targets with various conventional astronomical approaches.
Several methods have been used earlier to search for sub-parsec SMBHBs. The spectroscopic monitoring method utilizes the sub-parsec sizes of quasar broad-line regions (BLRs), and looks for coherent acceleration of the broad-line centroid due to the orbital motion of the binary (e.g., Gaskell 1983 ). This method is sensitive to SMBHBs with sub-pc separations, where the orbital acceleration is large enough to be measured from spectroscopy separated by several years (e.g., Shen & Loeb 2010) . Numerous studies have practiced this method and reported sub-pc SMBHB candidates which showed broad emission lines with significant systematic velocity offsets in single-epoch spectroscopy (e.g., Komossa et al. 2008; Boroson & Lauer 2009; Shields et al. 2009; Tsalmantza et al. 2011) or velocity acceleration in multi-epoch spectroscopies (e.g., Eracleous et al. 2012; Ju et al. 2013; Shen et al. 2013; Liu et al. 2014; Runnoe et al. 2015) . It is worth noting that the binaries found with this method have a typical orbital period of hundreds of years.
A second method, which only recently becomes possible to apply to large samples, is to search for periodic variations in quasar light curves derived from longterm photometric monitoring. Limited by the time baselines of most photometric monitoring programs, this method is mostly applicable to smaller-separation SMBHBs with a period of a few years 4 . In particular, two candidates with sinusoidal light curves have been discovered recently in optical bands 5 . Graham et al. (2015a) reported a SMBHB candidate in the quasar PG 1302-102 based on a 5.2-year period from a 9-year optical monitoring by the Catalina Real-time Transient Survey, and Liu et al. (2015) reported another candidate in the quasar PSO J334.2028+01.4075 from the Pan-STARRS1 survey. However, these two SMBHB candidates are hosted by radio loud quasars. There are alternative models to the binary one for radio-loud quasars with periodicities, i.e., precession jets. Several groups (i.e., Zhang et al. 2014; Sandrinelli et al. 2014 Sandrinelli et al. , 2016 , and references therein) had reported blazars showing periodicities both in the optical/NIR and gamma rays.
A third method relies on a theoretical modeling of the spectral energy distribution (SED) of the emission from SMBHBs. Recent theoretical work on SMBHB evolution and accretion suggested distinctive features in the emitting SED, such as a flux deficit in the UV/optical band due to the opening of a gap in the accretion disk by the tidal perturbation of the binary (Armitage & Natarajan 2002) . Yan et al. (2015) reported such a UV/optical deficit in Mrk 231 as evidence of SMBHB. However, Leighly et al. (2016) demonstrated that the SMBHB model in Mrk 231 is untenable. In contrast, more recent theoretical work predicted a significantly larger (instead of lower) high frequency radiation (Lodato et al. 2009; Farris et al. 2015) , which could be caused by the minidisks and the shocked streams inside the cavity. Note that the brightening and dimming on the high frequency radiation can also be explained as AGN flare and transient obscuration, respectively. Considering the diversity on the SED analysis, it is critical to give a discriminant hint about the presence of a SMBHB through SED fitting.
All these methods have their own caveats, and alternative interpretations (with single SMBHs) exist for the observational signatures mentioned above. To confirm the existence of SMBHBs in these candidates, ideally one would carry out follow-up observations to look for further, different evidence.
In this work, we report a SMBHB candidate in the quasar SDSS J0159+0105 at z = 0.217, initially identified using the photometric periodicity method, and also supported by the unique properties in the overall SED from radio to X-ray as well as in multi-epoch optical spectroscopy. Unlike the other two SMBHB candidates identified with optical periodicity, SDSS J0159+0105 is a radio-quiet quasar, thus the interpretation of the periodic signal is less uncertain (i.e., the periodic signal cannot be produced by a jet). In Section 2, we describe a new, robust method to search for periodic signals in quasar light curves in which we take into account the stochastic variability of quasars. In Section 3, we summarize the observational properties of SDSS J0159+0105, including the photometric time series, the SED from radio to Xray, and the peculiar spectroscopic features in the broad lines. In Section 4, we interpret the peculiar properties pair of outbursts every 12.2 years (e.g., Sillanpaa et al. 1988; Valtonen et al. 2008) .
5 Multi-year monitoring of radio-loud quasars have also reported periodic variations in the radio light curves, some of which bear remarkable resemblance to the optical light curves in PG 1302-102 (e.g., Kudryavtseva et al. 2011) . Ivezic et al. (2007) . GLS algorithm will produce many false detections in quasar light curves, while the GLSdeDRW is more robust against false positives. Here GLSdeDRW pulls back the period and significance of the peaks so that they appear to be randomly distributed.
of SDSS J0159+0105 in the context of the binary model, and we derive physical parameters for the binary based on the current theoretical understanding of SMBHB systems. We briefly summarize our main conclusions in Sec. 5.
SEARCHING PERIODIC SIGNALS IN QUASAR
LIGHT CURVES A common tool used to search for periodic signals in unevenly sampled time series is the Lomb-Scargle (hereafter LS, Lomb 1976; Scargle 1982) periodogram. This method can be regarded as a least-squares fit of sine and cosine functions to an observed time series. The LS method has been generalized (hereafter GLS) to allow for measurement errors and also a mean offset in the observed time series (e.g., Zechmeister & Kuerster 2009; Richards et al. 2011) , important for when phase sampling is non-uniform. However, when applied to quasar light curves, GLS tends to report many false detections of periods on the order of the duration of the light curve, as demonstrated in Fig. 1 and explained below. This is because all quasars, unlike most stars for example, have light curves which meander slowly in time, yielding "red" power spectra with significant noise power on long timescales (e.g., Butler & Bloom 2011) . Traditional methods to evaluate LS period significance (or equivalently false alarm probability) assume white noise spectra; these fail and produce large over-estimates (e.g., Vaughan 2004 ) of significance as well as many false alarms when the noise is red. To overcome this problem it is necessary to employ correct assumptions in evaluating the significance of periods when fitting sines and cosines to quasar light curves.
The limitations of a traditional LS period search can easily be overcome by generalizing the leastsquares fitting process using the correct likelihood function for quasars.
Recent work demonstrates that quasar light curves are well described as a damped random walk (DRW) or Ornstein-Uhlenbeck (OU) process (Kelly et al. 2009; Kozlowski et al. 2010; Mushotzky et al. 2011) . This stochastic approximation is especially powerful when separating quasars from stars through their optical variability (Butler & Bloom 2011; MacLeod et al. 2011) . In the DRW model, the covariance matrix is:
In the traditional LS approach for white noise data, only the first term above is present, where the σ i are the measurement errors. The second term implies covariance between epochs and leads to the red power spectra. Butler & Bloom (2011) have demonstrated that the two parameters (variability magnitude scaleσ and covariance time scale τ • ) -which fully define the DRW likelihood -are set a priority by the observed quasar brightness alone. Hence, the likelihood is defined prior to the period search. This allows for an efficient and statistically rigorous search for periodic signals, taking into account an accurate estimate of the true randomness expected for quasars of a given brightness. We have implemented software in python to extend the generalized LS method to this likelihood and applied this software GLSdeDRW 6 here. We have conducted blind search for periodic signals on the light curves of bright quasars in the SDSS "Stripe 82" field.
7 The software GLS and GLSdeDRW are applied to the light curves of 6308 SDSS Stripe 82 quasars from the variable source catalog of Ivezic et al. (2007) . However, we didn't find any >4-σ significant signals from all these quasar light curves with GLSdeDRW (see Fig. 1 ). It could be caused by the poor cadence of SDSS Stripe 82 light curves, as the numbers of observing epochs in the first few years are significantly less than that of the last three years. It could also be due to the rareness of the periodic signals in quasar light curves.
In addition to SDSS, this field is also covered by the Catalina Real-time Transient Survey (CRTS, Drake et al. 2009; Djorgovski et al. 2011; Mahabal et al. 2011) . We download the CRTS V -band light curves from the Catalina archive server 8 . The base-line length of CRTS (∼ 9 years per source) is similar to that of SDSS Stripe 82 survey , but CRTS is a single V -band time series with ∼250 observations evenly distributed in each year, while SDSS Stripe 82 is a fiveband (ugriz) time series with ∼70 observations in each band unevenly distributed in each year. From SDSS DR7 quasar catalog (Shen et al. 2011) , there are about 9000 quasars in Stripe 82 with SDSS spectroscopic confirmation, and ∼1500 quasars in the redshift range of 0.15 < z < 0.8. Here we focus on the low-z quasar sample with good spectroscopic qualities (SDSS spectral S/N > 10 per pixel), which leaves 347 quasars in the redshift range of 0.15 < z < 0.8. In the following analysis we search for the periodic signals from CRTS light curves for these 347 bright low-z quasars. We also require that the periodic signal is visible in the auto-correlation analysis (ACF) of CRTS light curve, and in the cross-correlation analysis (CCF) between the CRTS and SDSS Stripe 82 light curves. For both the GLS and GLSdeDRW test, we choose a frequency range from 1/T max to N 0 /(2T max ) day −1 with a step size of (N 0 /2-1)/(T max N i )∼ 1/8000 day −1 . Here T max ∼ 3300 days is the baseline of the light curves, N 0 is the number of observed epochs, and N i is the number of independent frequencies from Horne & Baliunas (1986) . We follow the false alarm probability (FAP) calculations in Zechmeister & Kuerster (2009, Eq. 24) , which are:
is the normalized power spectrum, which is about the difference in the goodness of fitting, χ 2 0 is fitting a constant to the light curve, and χ 2 is the value when fitting a constant as well as sine and cosine. The difference χ 2 0 − χ 2 (f ) should be χ 2 distributed with two degrees of freedom. The Catalina V-band light curves are rebinned with minimal 1-day time-lag, and the average number of updated light curve data is ∼70. When the GLSdeDRW fitting power p = χ 2 0 − χ 2 (f ) 8, the signal is significant (F AP 1%). The ACF and CCF analysis are applied to avoid the false detections from GLSdeDRW. The DRW-like 'noise' in quasar light curve would generate an exponential decaying exp(-t/τ ) correlation function in the CCF analysis. To exclude the DRW-like 'noise' in quasar light curves, we use Equation (1) to diagonalize the covariance matrix for each quasar, then linearly transform this to generate a 'white noise' light curve. The standard ACF test is applied on these modified light curves. For quasars with period T ′ 0 and covariance time scale τ ′ 0 found by GLSdeDRW, if T ′ 0 >> τ ′ 0 , the DRW-like 'noise' in CCF period searching is negligible, and we can directly apply CCF analysis on their original light curves. We select the Z-transformed discrete correlation function code (ZDCF, Alexander 1997) for the following ACF and CCF analysis. The ZDCF code is demonstrated in a small sample of sparsely sampled light curves. The significance level of ACF and CCF analysis is set as the two-side critical value (Salas et al. 1980 , originally from Anderson 1941):
here N ′ is the sample size in each time-lag ∆t bin, and we require N ′ ≥ 10 in the correlation analysis. We apply the GLSdeDRW and ACF tests on the CRTS V -band light curves of the 347 low-z bright quasars. The SMBHB candidates are selected when the period T is significant (P 99%) in both GLSdeDRW and ACF tests. Three quasars are selected as the SMBHB candidates. Only one of them, SDSS J015910.058+010514.53 (hereafter SDSS J0159+0105), has no FIRST radio detection. SDSS J0159+0105 also shows variable broad balmer line profiles in its two SDSS spectroscopic observations. The detailed observational properties of SDSS J0159+0105 are summarized and analyzed in the following two sections.
3. OBSERVATIONAL PROPERTIES OF SDSS J0159+0105 SDSS J0159+0105 is a broad line quasar at z = 0.217 in SDSS Stripe 82 field. It has a companion-galaxy at the same redshift but 6 ′′ north. The CRTS V-band light curve of SDSS J0159+0105 is plotted in Fig. 2 , as well as the light curve analysis with our code GLSdeDRW and ACF. The detailed time-series analysis is presented in Sec. 4.1.
SDSS J0159+0105 has two spectroscopic observations taken by SDSS at MJD = 51871 and by BOSS at MJD = 55478, with median r-band S/N of 24 and 48 per pixel, respectively. We follow Shen et al. (2013, and reference there in) to fit the profile of the broad Hβ line. In brief, a power-law continuum and an iron emission line template (Boroson & Green 1992 ) are fitted and subtracted, then the regions of narrow lines are fitted with narrow gaussian lines, and the asymmetric broad Hβ line is fitted with two gaussians. The fitting results are presented in Tab. 2, and the Hβ + [O iii] emission lines from the two epochs are presented in Fig. 3 . Obviously, the [O iii] lines did not change in the two epochs, while the broad Hβ line showed a larger but narrower red bump with higher red-ward offset-velocity in the second epoch. The implication of the broad Hβ is presented in Sec. 4.2. SDSS J0159+0105 has no FIRST radio detection (see the FIRST stamp in Fig. 5) , and the RMS noise is 0.135 mJy 9 . It is excluded as a radio-loud AGN from the loudness limit (Sikora et al. 2007 ). Compared to the typical SED of radio-quiet quasars (Shang et al. 2011) , the SED of SDSS J0159+0105 is matched in the radio, optical, and X-ray bands, but shows extra radiation in the infrared and UV bands. The SED is presented in Tab. 1 and plotted Fig. 5 . We briefly discuss the SED of SDSS J0159+0105 in Sec. 4.3.
PHYSICAL INTERPRETATION
In this section, we examine the above three observational properties of SDSS J0159+0105. We show that the periodic light curve points to the existence of a SMBHB in this quasar. The profile change of broad Hβ line and SED can be linked to the existence of a SMBHB in this quasar, however, there are alternative explanations. Our GLSdeDRW method resolves two (three) periods above 99% (95%) confidence level in the Catalina Vband light curve with covariance time scale τ 0 ∼ 210 day and variability scaleσ ∼ 0.005. Only the sinusoidal signal, which can be fitted as V = 0.1 × sin (2π(t -53413.09 )/741) + 16.59 (see Fig. 2-a) , is also confirmed by the additional ACF analysis (P > 99%). We found no similar periodicity in the bright sources close to SDSS J0159+0105 (< 1-arcmin), suggesting that the sinusoidal signal we found is real. The periodic signals at T ∼ 200-300 day shown in the GLSdeDRW test are likely false signals as they do not show up in the ACF analysis. Interestingly, from the ACF analysis alone we also found a second periodic signal at T = 1497 +20 −62 day, which has much stronger significance, and is approximately twice the period of the sinusoidal signal derived from the GLSdeDRW method. This second ACF signal is insignificant in the GLSdeDRW test, the reason is that the GLSdeDRW test is designed to search for the sinusoidal signals, while ACF is sensitive to any periodic signals.
Although the poor cadence of SDSS light curves prevents the search of the periodic signals, we can crosscorrelate the CRTS V -band light curve and the SDSS five-band light curves to find a possible periodic delay (the MJD baselines of SDSS and CRTS light curves are 52170-54433 and 53627-56591, respectively). After doing this cross correlation, we found a strong and significant (P > 99%) correlation signal at ∆T = -1579
+15 day between the CRTS V -band light curve and each of the SDSS ugriz band light curves. This strong correlation confirms that the periodic signal at T = 1497 +20 −62 day from the ACF test is robust (see Fig. 4 ).
Since SDSS J0159+0105 is a radio-quiet quasar, we can exclude the jet-procession hypothesis and directly link the periodicity to the existence of a SMBHB. Recent simulations (e.g., D 'Orazio et al. 2013 'Orazio et al. , 2015a , and references there in) predicted that the accretion rate of a SMBHB has two significant periods that are at the 2 : 1 ratio. For example, D 'Orazio et al. (2015a) showed that when 0.05 < q < 0.3, the only two prominent periods are t orb and 0.5t orb , which are directly linked to the orbital motion of the binary. When 0.3 < q < 0.8, although an additional, more prominent period would appear, which is about (3−8)t orb and related to the lumpy structures at the verge of the circumbinary disk, the t orb and 0.5t orb periods remain significant. Only when q ≃ 1 does the period of t orb disappear. For SDSS J0159+0105, since we also found two periods that have a ratio of 2 : 1, namely 1497 and 741 days, we identify them with the characteristic 2 : 1 periods proposed by D' Orazio et al. (2015a) . This consideration leads to a binary orbital period of t orb = 1497 days (or 3.3 year in the rest-frame). The 2 : 1 period ratio also indicates the unlikely of an equal-mass binary inside SDSS J0159+0105.
Broad Hβ Line and Its Profile Variability: the
Second Evidence? Broad lines in AGNs are powerful probes of the physical parameters of the central SMBHs (e.g., see the review of BLR by Peterson 2006) . It is well established that there is a tight correlation between the BLR radius and continuum luminosity derived from reverberation mapping of local AGNs (e.g., Vestergaard & Peterson 2006; Bentz et al. 2009 ). We use this correlation to estimate the virial mass of the black-hole in our system. Given the size of the BLR, 0.04pc or 50
+30
−20 light-day, inferred from the R − L correlation, we find that the virial mass is 10 8.11±0.11 M ⊙ inside SDSS J0159+0105 (from BOSS spectrum). The total mass gives a SMBHB separation of d = (0.01pc)M 1/3 8,tot (T/3.3yr) 2/3 ∼ 0.013pc (15 lightday). This centi-parsec separation, which is comparable to the size of the BLR, excludes the existence of two distinctive BLRs surrounding each SMBH in the binary system, and supports a single circumbinary BLR surrounding this SMBHB.
The variation of the broad Hβ line profile can be explained in the single circumbinary BLR model. The profile of the broad Hβ line can be resolved into two gaussian bumps in both spectra (see Tab 2): a strong blue bump located in the center, and a small red bump shifted red-ward. While the relative velocity varies, the flux ratio of the two bumps is nearly stationary, and the line widths are consistent (within 1-2σ) with being a constant. In the single circumbinary BLR model, the BLR clouds attaining the photoionization equilibrium suffer the ionizing radiation from the SMBHB, U = Q ion,P (H)/(4πr 2 P cn e ) + Q ion,S (H)/(4πr 2 S cn e ). Here Q ion,P (H) and Q ion,S (H) are H-ionizing photons from the primary and secondary SMBHs, and r P and r S are the distances of the two BHs to the specific Keplerian BLR clouds, respectively. When the SMBHB mass ratio q is small and the accretion is dominated by the secondary SMBH, the periodic off-nuclei radiation from the secondary SMBH will generate the asymmetric profiles of broad lines. A detailed description of the connection is left to future work.
The shifted red bump can also be explained as the inflow stream into the secondary SMBH. Shined by the UV continuum from the mini-disks, the inflow stream should have a varied viewing angle led by the rotation of the SMBHB. This will introduce the coincidence of inverse relation between offset-velocity and line-width of the inflow stream: the larger the offset-velocity, the narrower the width for the small bump. We do find this anti correlation from the two-epoch spectroscopic observations, however, the limited data prevent us from constraining the inflow hypothesis. In the inflow model, we would expect the offset-velocity, the line-width, and their anti correlation relation of the small bump vary periodically. This periodic variable spectral profile will also show up under the BLR clouds model, but with no inverse correlation. Another difference between the two model is that under the inflow stream case, we would expect an extreme condition that appears in a short time and periodically. When the inner part of the inflow is along the line-of-sight direction, the red bump would have much larger offset-velocity, but much narrower line-width. The detailed interpretation is beyond the topic of this work, and we would like to explore it with future spectroscopic monitoring data.
We notice that, although the red-bump in broad Hβ is significant, it is not very significant in broad Hα (BOSS spectrum). When the ionization parameter increases for a constant plasma, a decrease of F (Hα)/F (Hβ) intensity ratio is expected (Wills et al. 1985) . This is due to the increase of the excitation state of the ionized gas: the temperature of the ionized zone being higher, the population of the upper levels with respect to the lower ones increases. However, both the BLR clouds and inflow streams can explain this. In the BLR clouds model, the inner clouds in BLR should be more compact and have higher temperature than the outer clouds. Since the secondary SMBH is closer to the inner clouds, there would be a larger covering factor for the inner compact clouds to the secondary SMBH than that to the primary SMBH, which lead to a decreased F (Hα)/F (Hβ) intensity ratio of the red-bump. For the inflow stream model, the larger the offset-velocity of the red bump is, the closer the stream is to the secondary SMBH. The inner inflow streams should have higher temperature thus higher ionization parameter, which also lead to a decreased F (Hα)/F (Hβ) intensity ratio of the red-bump.
The varied broad Hβ line profile of SDSS J0159+0105 provides an ideal probe to investigate the dynamics of gas clouds/streams around the SMBHB. However, unlike the previous evidence for the existence of SMBHB, the broad Hβ and its profile variability from only two-epoch spectroscopic observations can not be used as evidence of SMBHB, until we find the periodic shifts of the red bump from further spectroscopic observations. 4.3. SED with Extra Bright UV Radiation: the Third Evidence? The schematic diagram of SMBHB is comprised of two mini-disks around each SMBH connected with streams, a cavity or gap opened by the rotation of the secondary SMBH, and a circumbinary disk embedding the innermost SMBHB, mini-disks and cavity system (e.g., Artymowicz & Lubow 1994; Cuadra et al. 2009 ). Com- In the main panel, the SDSS and BOSS optical spectra of SDSS J0159+0105 are plotted in light-green and dark-green colors. The cyan curves represent the composite SED of radio-quiet quasars (median plus ±1σ SED, Shang et al. 2011) , including the HST UV composites (Telfer et al. 2002) and the SDSS composite (Vanden Berk et al. 2001) . Notably, the UV and IR radiation of SDSS J0159+0105 are significantly brighter (3.2 and 2.0 times in the SWIFT w2 and 2MASS K bands, respectively) than the SED template of radio-quiet quasars normalized in the SDSS-g band. However, there is no simultaneous optical and NIR measurements in the epoch of SWIFT UV burst (MJD = 57082-57291). Thus the UV variability could be related to the binary nature of the SDSS J0159+0105, but we can't exclude the UV flare from normal AGN.
pared to the standard AGN disk, the SMBHB structure will lead to distinctive features in the SED, such as a deficit in the UV-optical spectrum of Mrk 231 reported by Yan et al. (2015) , or an enhanced UV radiation predicted by Lodato et al. (2009) and Farris et al. (2015) . Here in the SED of SDSS J0159+0105, we find similar flux levels to the typical SEDs of radio-quiet quasars (Shang et al. 2011 , normalized in the SDSS-g band) at radio, optical and X-ray frequencies, but 3.2 and 2.0 times brighter in the SWIFT w2 and 2MASS K bands (see Fig. 5 , notice that the extra radiation in UV is more significant than that in IR). Although there are strong emission lines covered by the SWIFT UV bands (i.e., N iv], C iv and Fe broad features in SWIFT uvw2, Al iii and C iii] in SWIFT uvm2, and Fe ii in SWIFT uvw1), the observed equivalent widths contributed by emission lines of radio-quiet quasars (see Table 2 of Telfer et al. 2002) in the three UV bands are 112Å, 27Å, and 1Å in SWIFT uvw2, uvm2, and uvw1 bands, respectively. The effective band widths of SWIFT uvw2, uvm2, and uvw1 filters are 610Å, 519Å, and 795Å, respectively. So the contribution of the emission lines to the UV flux are only 0.07dex, 0.02dex and 0.00dex in SWIFT uvw2, uvm2, and uvw1 bands, respectively. The emission-line subtracted UV radiation is 2.7 times brighter than the template.
The large variability of UV radiation captured by GALEX and SWIFT agrees with the prediction by Tanaka (2013) , who has interpreted that the UV light curves of SMBHB in one period can dim by 2 orders of magnitude. However, we notice that there is no simultaneous optical and NIR measurements in the epoch of SWIFT UV burst . Thus the UV variability could be related to the binary nature of the object, but we can't exclude the UV flare from normal AGN. Moreover, the extra infrared radiation is within ±2σ of the template. So the current SED data is not a proof of SMBHB in the quasar SDSS J0159+0105.
4.4. The Unified Picture of the SMBHB inside SDSS J0159+0105 In summary, we have one observational feature, the periodic light curves, supporting the existence of a SMBHB inside SDSS J0159+0105. Since SDSS J0159+0105 is a radio-quiet quasar, we can easily exclude the jet contribution to the periodic light curves and directly link the periods to the rotation of SMBHB. The varied broad Hβ profiles from two spectroscopic observations may imply a single circumbinary BLR embedding the SMBHB, or inflow streams connecting the SMBHB and the circumbinary disk, or both. This can not be taken as evidence of SMBHB unless we find the periodically varied profile of the broad Hβ line in the future. The varied UV SEDs may imply the existence of SMBHB, however, we can't exclude the normal AGN flare hypothesis.
The physical properties of the SMBHB inside SDSS J0159+0105 are probed from these observational features. The SMBHB has an orbital period of t orb ∼ 1497 day (from time-series analysis), and a total mass of ∼ 1.3×10
8 M ⊙ (from virial estimation). The binary separation is d ∼ 0.013 pc (15 light-days). The circumbinary disk in the SMBHB system can be approximated as a standard AGN disk truncated by a cavity (Tanaka 2013) . The cavity radius (the inner radius of the circumbinary disk) is ≈ 2a (Artymowicz & Lubow 1994) , where a is the semi major axis of the binary and 2a is the Lindblad resonance radius. Here the radius of the cavity is 2a = 2d ∼ 0.026 pc. There is a single circumbinary BLR in the BBH system with an average radius of ∼0.04 pc(±0.3 dex uncertainties, from L-R relations of local AGN). Interestingly, the inner radius of the circumbinary disk and the BLR size, measured from two independent methods, are approximately similar.
To acquire a stable cavity and circumbinary disk in the SMBHB, it is required a a dec ∼ 100GM/c 2 (Milosavljevic & Phinney 2005; Haiman et al. 2009; Tanaka & Menou 2010) . Here a dec is a 'decoupled' separation when the close enough binary starts to shrink faster than the local viscous timescale, i.e., the energy release by the gravitational wave is faster than that by the disk. During the lifetime of the binary, the surface density of the circumbinary disk peaks at a radius ∼max(2a, 2a dec ) (Tanaka 2013 ). In our case, the system is quite stable because of a ∼ d 10a dec . In the current stage, the binary could have been shrinking mainly because of gravitational wave emission, thus the system is in a gravitationally bound regime.
D 'Orazio et al. (2015b) proposed that the relativistic beaming of the radiation from the mini-disk around the secondary SMBH is sufficient to explain the periodicity in PG 1302-102. In their case, the total mass of the SMBHB in PG 1302-102 should be above 10 9 M ⊙ and the secondary SMBH should dominate the radiation. Although we have nearly the same period, the total mass of the SMBHB in SDSS J0159+0105 is only 10 8 M ⊙ . The relativistic doppler boosting calculated by D'Orazio et al. (2015b) is ∆F v /F v = ±(3-α)(vcosφ/c)sini. Here i and φ are the inclination and phase of the orbit, and α is the frequency index (F ν ∝ ν α , see Tab. 2). The rotation velocity of the secondary SMBH v is determined as v= ( 2π 1+q )( GMSMBHB 4π 2 Tr ) 1/3 ∼ 8000 km s −1 . In the virial BLR assumption, we have sini = max([∆V 1 , ∆V 2 ])/ 2GM SMBHB /R BLR ∼ 0.4. So the maximum boosting factor is ∆F v /F v = ±(3-α)(v/c)sini ∼ 0.03, which is less than the amplitude from our V band observations of ∆F v /F v ∼ 0.1. We conclude that the relativistic beaming effect should not dominate the periodic signal in SDSS J0159+0105. The time-dependent accretion (caused by the orbital motion of the binary) displays the 0.5t orb and t orb periods in the light curves of SDSS J0159+0105.
CONCLUSIONS
In this work, we report a strong SMBHB candidate in the radio-quiet quasar SDSS J0159+0105 at z = 0.217, which has periodic optical light curves, broad balmer lines with variable intensities and profiles, and an unusual SED with extra bright UV radiation. The existence of the SMBHB can be verified by the first observational property. The combination of the observational properties reveals a 1.3×10
8 M ⊙ SMBHB with a binary separation of d ∼ 0.013 pc (15 light-day). The SMBHB has a circumbinary disk with an inner radius of ∼0.026pc. There is a circumbinary BLR surrounding the SMBHB, and the average radius of the BLR is ∼0.04pc (50 lightday, with ±0.3 dex uncertainties). The time-dependent accretion (caused by the orbital motion of the binary) determines the periodic light curve.
Till now, the most significant SMBHB candidates selected from time-series analysis includes PG 1302-102 (Graham et al. 2015a ), OJ 287 (Valtonen et al. 2008) , and PSO J334.2028+01.4075 (Liu et al. 2015) . All of their host quasars are radio-loud, thus the periodic variability might be caused by the jet precession. Recently, Graham et al. (2015b) reported a systematic search of 111 SMBHB candidates from CRTS data. We notice that most of which are hosted by radio-quiet quasars, but our candidate SDSS J0159+0105 is not in their catalog. Only one candidate UM 234 in their catalog is covered in our search. We find that UM 234 has P > 99% period in the ACF test, while the signal is at P ∼ 95% with our GLSdeDRW test. As a comparison, we apply the GLSdeDRW test with Graham's most significant SMBHB candidate PG 1302-102 (Graham et al. 2015a) . GLSdeDRW yields the same signal as they reported at a significance level of P >99.999% from our GLSdeDRW test. We would like to start our systematic search for close SMBHBs with the all sky quasar light curves (Zheng & Butler, in prep) , and prepare for the upcoming Large Synoptic Survey Telescope (LSST, Ivezic et al. 2008) .
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